Critical issues related to damage and condition assessment are discussed. The distinction between global and local state properties, linearized and nonlinear condition indices and experimental constraints are discussed along with a classification of condition assessment techniques. Brief examples from research results on steel stringer highway bridges and a long span bridge are presented in order to exemplify the interrelation between structural condition, damage, and some of the promising damage indices. The indices that are discussed in this paper are influence coefficients for displacement and strain, and redistribution of intrinsic strains measured by continuous long term monitoring. A discussion of these indices is introduced with application examples from the bridges, which were utilized as a test bed to evaluate the applicability of the indices. Tools and technologies for successful measurement of influence coefficients are presented. It is shown that if a spectrum of appropriate experiments and indices are integrated within a structural identification framework, and the structure is monitored for a sufficiently long time, it is possible to accomplish successful condition and damage assessment.
Introduction

Need for Reliable Damage and Condition Assessment of Civil Infrastructure Systems
Recently, there has been significant attention on structural health monitoring of engineered systems, especially focused on the space/aerospace, mechanical, and automotive systems ͑Chang 1997, 1999; Atkan and Gosselin 2000, Chase and Atkan 2001͒ . Members of the civil engineering community participated in these workshops. However, before we may take advantage of the synergy in cross disciplinary research on condition and damage assessment, we need to recognize any distinctions between ''constructed'' and ''manufactured'' engineering systems in terms of: Size, cost, lifecycle, and variability in material properties: Uncertainties 
in identification of the systems and, uncertainties in identification of operating and loading environment.
In spite of the distinctions between manufactured and constructed systems, we may still expect a generic framework sharing many technologies and algorithms serving for health monitoring of all engineered systems. Civil engineers are especially cognizant of the limitations in their current practice for condition assessment based on visual inspections. Typical routine applications of condition assessment are carried out on bridges, dams, and river navigational facilities, on buildings for evaluating seismic vulnerability or postearthquake damage, and to all types of facilities after overloading, accidents, or when codes or use modes change. However, the community has long been aware of the limitations and shortcomings of visual inspection, and a recent investigation by the Federal Highway Administration ͑FHWA͒ on its lack of reliability has been especially striking ͑FHWA 2001͒. In this paper, the writers will focus on highway bridges to discuss objective measures of condition and damage.
Inspections do find signs of damage such as cracks, spalls, chemical deterioration, and corrosion when these become visible. However, the relation between such visible signs of damage and the corresponding ''condition'' or ''reliability'' of the structure is often very difficult to establish. There might be a dramatic difference in the meaning of a certain ''visual damage'' for a steel, prestressed, or an ordinary reinforced concrete bridge, and often, the effect may be observed but the decision making has to be carried out based on heuristics and experience. The cause may not be identified definitively. Engineers need to know the actual cause of a damage or distress and its impacts on structural reliability in order to make meaningful management decisions. Most importantly, discovery of deterioration before or at its onset, and not after it takes its course, is needed for cost-effective management ͑Enright and Frangopol 2000͒. There is a lack of correlation between visual appearance and structural reliability for safety. In many cases, this leads to a great shortcoming in assessing the condition based on just a visual inspection. A truss with rigid connections using gusset plates and another utilizing eye bars and wrought-iron tension rods are often inspected and evaluated without a clear distinction between the difference in their structural reliability ͑Frangapol et al. 1998͒. American Association of State Highway and Transportation Officials ͑AASHTO͒ and federal authorities caution bridge owners about the need for special attention into fatigue-prone and fracture-critical details ͓FHWA 1986; National Cooperative High- ever, on one hand the related guidelines have been too broad in defining fracture-critical bridges. For example, all two-girder, two-truss, or suspension systems are considered fracture critical. On the other hand, with so many fatigue-sensitive details in existence today, how the failure of each detail may actually impact the global failure modes and structural system reliability have not been clearly identified.
Although considerable research on damage and condition assessment has been conducted, there are still fundamental issues to be resolved. Most research has been in the area of manufactured systems, and the distinctions between manufactured and constructed systems may not be well understood by researchers from mechanical and aerospace fields. Consensus definitions, measures and indices for performance, condition, damage, and health over the lifecycle of common types of constructed facilities and complete infrastructure systems are necessary for reliable condition assessment. Although drift, span deflection, crack width, and stress level have been typically used for defining the onset of serviceability and damageability limit states for common constructed facilities, proven relationships between such measurable indices, and actual facility performance have not been established. There is evidence that actual deflection, drifts, and stresses at a constructed facility are very different from what would have been predicted in design. Both the actual demands and the capacities of a constructed system are often many times different from the estimates on which design would be based.
A review of damage indices that have been proposed for nuclear, aerospace, mechanical, offshore, and civil engineering structures provides an excellent overview ͑Doebling et al. 1996͒. The sensitivity of vibration-based indices to various levels of damage was later evaluated by Farrar and Jauregui ͑1998͒, based on the data recovered from a decommissioned steel-girder bridge in New Mexico by inducing controlled damage to a girder. A method proposed by Stubbs et al. ͑1992͒ utilizes the changes in modal strain energy caused by damage, evaluated by postprocessing the modal data. The studies by Ho and Worden et al. ͑1999͒ have shown the experimental and numerical limitations and requirements to detect damage with this method. More recently, a large body of research on damage detection has been carried out by taking advantage of the data being collected from the instrumented bridges connecting Lantau Island to mainland China ͑Atkan and Gosselin 2000; Chase and Atkan 2001͒ . These examples reveal the challenges and opportunities in the emerging multidisciplinary field of damage mechanics.
Objectives and Scope
The writers would like to discuss objective global indices for condition assessment that were developed through research on actual, operating, or decommissioned highway bridges over the last decade. An overview of general issues and desired properties of condition and damage indices is presented first. Then, this is followed by a discussion and demonstration of influence coefficients for displacement and strain, and redistribution of intrinsic strains as objective structural condition indices that offer promise. Displacement and strain influence coefficients are conceptual, physics-based indices representing structural characteristics that are meaningful to engineers, and they are often analytically predicted for designing or evaluating structures. In addition, monitoring the redistribution of intrinsic strains at critical structural regions or components, such as movement systems, hangers, maximum response locations, or at boundary and continuity locations provide valuable information. Intrinsic strains, as well as temperatures, at these critical components, which have direct impact on the structural reliability ͑Ang and Tang 1984͒, should be monitored for a sufficiently long duration so that signs of damage and deterioration may definitely be identified.
These same indices may actually be measured by various experimental techniques, intermittently as well as continuously. Changes in influence coefficients of an ensemble of critical responses provide a powerful vehicle for a measure of the objective of global condition and health as long as they are experimentally reliably determined. The paper describes how modal analysis, crawl-speed and static truck-load testing, and continuous instrumented monitoring of bridge structures are used for obtaining displacement and strain influence coefficients and also for monitoring and evaluating the redistribution of intrinsic strains.
The writers have taken advantage of both intermittent experiments and continuous measurements they have conducted on three highway bridges ͑Aktan et al. 1998a,b; Catbas et al. 1998; Lennett et al. 1999; Catbas et al. 2000͒ . The Reading Road Bridge ͑HAM-42-0992͒, constructed in 1986 and described in Aktan et al. ͑1997͒ , is a steel stringer bridge with three continuous spans of 16.8 m ͑55 ft͒, 23.8 m ͑78 ft͒, and 16.8 m ͑55 ft͒, and a width of 12.8 m ͑42 ft͒ on six steel stringers, with a skew angle of 15°. The Seymour Bridge ͑HAM-561-0683͒, described in Catbas et al. ͑1997͒, is another steel stringer bridge with three continuous spans of 12.2 m ͑40 ft͒, 15.2 m ͑50 ft͒, and 12.2 m ͑40 ft͒. The bridge ͑Fig. 1͒ was constructed in 1953 and was scheduled for demolition. This enabled the researchers to induce various types of incremental damages at different levels and to test the validity of various experimental technologies and damage indices for condition assessment. The Commodore Barry Bridge ͑Fig. 2͒, opened to traffic in 1974 as the longest cantilever truss bridge in the U.S. spans the Delaware River. The anchor spans are 250 m ͑822 ft͒ and, the span length of the cantilever and suspended spans between the towers is 501 m ͑1644 ft͒. This bridge has been continuously monitored and tested since 1998 to explore and demonstrate various health monitoring technologies for long span bridges.
Condition and Damage Indices
Global versus Local Condition Indices
Many engineers consider damage as changes in the effective material properties within a structure, and many nondestructive technologies which can successfully characterize the in situ properties of construction materials, even through covers and other obstruction, have been developed ͑Shickert 1995͒. Such advances, which are generally utilized for localized condition evaluation and indices, are very useful when used in the context of detecting the onset of deterioration, such as the initiation of a corrosive environment in a reinforced concrete ͑RC͒ element or the beginning of deterioration of a chemical bond between steel and concrete in RC deck-on-steel-girder bridges. However, if the critical deterioration mechanisms or the critical regions and responses of recurring constructed facilities that need to be monitored have not yet been established, local scans and measurements can not feasibly and effectively address the problem of ''global condition and damage assessment.'' Even if it was possible to conduct a complete local scan throughout a constructed facility, for effective management it is also necessary to understand how local damage affects the complete system performance. Global damage may be described as phenomena that distinctly and irreversibly influence the force-displacement responses of the critical regions of a structure, signifying the onset of ''the safety'' limit states. Writers have drafted a classification of the most common global structural damage indices that were proposed for bridge health monitoring based on whether an index corresponds to a subjective or objective abstraction, and whether an index can be directly measured as opposed to requiring various stages of numerical and analytical modeling and processing as shown in Fig. 3 ͑Aktan et al. 2000͒.
Linearized versus Nonlinear Condition Indices
Nonlinear material damage indices based on a continuum approach ͑Mazars 1986͒, and indices based on postyield displacements or hysteretic energy dissipation by structural elements have been proposed for assessing facilities subjected to earthquake damage ͑Bertero and Bresler 1971; Park et al. 1984͒ . More recently, numerous indices based on nonparametric characterizations such as those based on neural networks have been proposed ͑Nakamura et al. 1998͒. These indices require the analysis of recorded response time histories during a damaging event, and whether they can effectively serve for the assessment of obscure damages following an earthquake need to be verified. While no soil-foundation-structure system can be strictly linear, the justification for using linearized indices is that most highly redundant constructed facilities behave linearly in the global sense shakedown even when many local nonlinearities, such as due to localized damage, may exist.
For the general infrastructure management problem, linearized indices that are possible to physically conceptualize with respect to a shakedown state that may be directly measured or easily extracted from measurements during controlled tests at any time, and easily correlated to structural performance at the serviceability limit states would be desirable. 
Experimental and Engineering Considerations
There is a complicated relationship between the lifecycle of a facility being monitored, experimental constraints, and suitable indices. Meaningful condition or damage assessment would have to recognize the life-cycle stage, and functional and operational parameters of the facility and of the infrastructure systems that the facility support, any occurrence of accidents, overloads, or disasters. Ideally, intermittent applications such as geometry measurements, diagnostic tests, and nondestructive evaluation applications need to be integrated with continuous life-cycle health monitoring for condition and damage assessment of critical facilities ͑Aktan et al. 2000͒ .
It is necessary to integrate a spectrum of experiments and indices, and to monitor a facility over a long period, preferably starting from construction, for reliable condition and damage assessment. Before completely understanding the structural, foundation and soil systems, the load paths, critical load carrying capacities, and possible failure mechanisms, expecting to visit a constructed facility at some stage of its lifecycle, and evaluating its condition by conducting a single experiment to measure or compute a single index is not realistic. A well-coordinated and well-structured integration of experiment, analysis, and information technologies in the context of structural identification becomes critical. 
Issues in Selecting Linearized Damage Indices Desired Properties of Condition or Damage Indices
Basic Considerations for Condition Indices
List of Desirable Qualities for Condition Indices
The questions posed above lead to the following list of desirable qualities for condition indices: 1. The experimental and postprocessing requirements for measuring an index and its robustness ͑tolerance to measurement and postprocessing errors͒ should be minimal. For example, desirable indices should not require modal expansion and/or numerical operations such as twice numerical differentiation, which is highly sensitive to error accumulation. It is important that the actual structural damage information is not buried under measurement or postprocessing errors; or these errors are not interpreted as damage or deterioration; 2. A desirable global index should be highly sensitive to the accumulation of deterioration and occurrence of damage anywhere within the critical regions of a facility and should not be sensitive to changes in intrinsic responses and structural properties due to natural inputs and other influences which are not related to damage; 3. The index should remain valid and meaningful throughout the serviceability and damageability limit states. An index that loses its meaning as soon as a form of nonlinearity such as cracking initiates may have limited use; 4. While relating to global health, an index should help localize and quantify the extend of deterioration and damage, and facilitate identification of the defects, deterioration, damage, or other loading mechanisms which may have led to the damage; 5. An index should help provide a rational transformation to condition, health, and performance. For example, crack width may serve as an index but a more comprehensive measure of the crack width throughout critical areas of a structure and the level of intrusion of deterioration causing chemicals would be needed to relate crack width to overall health; 6. Many ''empirical'' indices are useful only if there is a baseline, while ''conceptual, physics-based'' indices may be used in conjunction with structural identification to diagnose damage without a baseline. For example, conceptual indices may utilize a rational analytical model as a gauge, or a comparable healthy facility may serve as a baseline to test for anomalous behavior; and 7. Validation of the reliability of an index should be possible by more than one type of experiment. The reliability of an index may be better established and validated by obtaining it from more than one independent experiment.
Tools and Technologies for Influence Coefficients
Modal Analysis
Maxwell ͑1864͒ introduced the concept of displacement influence coefficients, i.e., flexibility. It was research on health monitoring of offshore platforms by aerospace engineers that first recognized ''relative flexibility'' between the consecutive levels of highly redundant cantilever-type structures may serve as a damagesensitive index ͑Coppolino and Rubin 1980͒. A bridge structure may be characterized by a set of displacement coordinates in three dimensions. The spatial resolution of a flexibility matrix which may serve as a signature ͑or kernel condition index͒ will depend on the structure and the experimental constraints. For the condition assessment of short-span bridges with three to five continuous spans ͑up to 100 ft/31 m each span͒, vertical displacement influence coefficients have been measured with a spatial resolution of about 5 ft ͑1.5 m͒ square by modal analysis. This provided global damage assessment as well as sufficient localization of damage ͑Raghavendrachar and Aktan 1992; Toksoy and Aktan 1994; Catbas et al. 1997; Lenett et al. 1997͒ .
The transformation of the natural frequencies and mode shapes to modal flexibility coefficients ͑for order nϫn, n ϭ number of degrees of freedom͒ is given by
ϭ square of the kth circular frequency ͑rad/s͒ 2 . Eq. ͑1͒ yields an approximation of a flexibility matrix because of modal truncation. Modal flexibility is sensitive to the number of modes in addition to any uncertainties in the coefficients of the scaled modal vectors and frequencies. The modal vectors required for the convergence of individual flexibility coefficients, f i j , will vary depending on the structure or coordinates i and j ͑Raghav-endrachar and Aktan 1992͒.
The experience of the writers has been that the individual flexibility coefficients are affected by many mechanisms that may not all relate to deterioration or damage. Any mechanism that influences the boundary or continuity conditions, including daily ambient temperature changes and seasonal changes in soil conditions, may have a major impact on f i j . Without a clear understanding of the natural temporal changes in f i j , it is not possible to consider any change in this index as damage. If conditions that affect the changes in f i j are considered and some flexibility coefficients can be directly measured and tracked with a practical device like a Falling Weight Deflectometer over the long term, it may be possible to envision constructing a relationship between flexibility coefficients and structural condition.
Deflected shapes of a bridge obtained by virtually loading the modal flexibility by different load patterns have been shown to be sensitive to damage and offer a conceptual evaluation ͑Toksoy and Aktan 1994͒. For example, the deflection vector under uniformly distributed unit load, called the uniform load surface is given by the following equation; in this formulation, the deflection coefficient u i at point i, is defined as
Zhang showed that the uniform load surface coordinates are less sensitive to modal truncation and other errors and uncertainties affecting individual f i j , since truncation and variance errors are averaged out in the uniform load surface. For example, for the three-span test bridge HAM 42-0992, the uniform load surface obtained from 14 modes converged to the exact uniform load surface ͑Zhang and Aktan 1995͒. Other deflection patterns, for example deflections under concentrated loads, typically require a larger number of modes for convergence and are more sensitive to the uncertainties affecting individual f i j .
In the case of truss bridges or bridge superstructures featuring decks on girders, there may be experimental advantages for evaluating the deflected shapes of only selected individual girders or trusses. It is possible to design and conduct practical and expedient modal tests for recovering the modal flexibility of a reduced set of coordinates coincident with the longitudinal axis of a selected girder or truss. In this manner, the deflected shape of a girder under uniform loading applied only to that girder within the structure may be obtained by virtually loading the coordinates of the corresponding reduced modal flexibility matrix. The deflected shape of a girder under virtual uniformly distributed load is termed as ''bridge girder condition indicator ͑BGCI͒,'' and serves as a powerful condition index. The deflected shape of a structural element and any changes in the deflected shape may help structural engineers use sensitivity analyses for reaching a rational decision regarding any possible impacts on structural reliability.
In this context, a comparative study was done for the BGCI's from two different tests. HAM 42-0992 was tested both by impact and forced excitation in 1991 using a spatial resolution of about 8 ft ͑2.5 m͒ by 13 ft ͑4 m͒. Approximately 20 modes within a 24 Hz band were obtained from this test. The bridge was tested again by an accelerated impact test technique in 1997 by blocking one lane at a time for only several minutes ͑Lenett et al. 1999͒. Modal flexibility matrices for the two tests were generated. Fig. 4͑a͒ compares deflections of girder ͑2͒ obtained by virtually loading the modal flexibility matrices from the 1991 and 1997 tests with uniformly distributed line-loading applied along the girder for HAM-42-0992. Fig. 4 illustrates a difference between girder deflections at the west pier location. The girder was visually inspected after this difference was noticed and uplift at an edge of the neoprene bearing pad was discovered ͓Figs. 4͑b and c͔͒. While the bearing pad uplift may be a seasonal event that does not necessarily indicate damage, it has an impact on structural performance that may be evaluated by sensitivity analyses.
The writers then employed BGCI as damage index to locate and quantify the impact of incrementally induced damage on HAM-561-0683. The bridge ͑Fig. 1͒ was tested before any damage. This test served as a baseline test for the subsequent tests after inducing controlled damages. One damage scenario is shown in Fig. 1͑b͒ . The results of the baseline test are compared with the results from two of the damage scenarios. After cutting the bottom flange of Girder 4 at point 4M ͑Fig. 5͒, deflection of the girder increased by around 10% in the vicinity of damage as compared to baseline test deflections. Two thirds of the web was cut at the same location and a 50% increase in the deflections was observed at the damaged section. Meanwhile, the deflections at the far span also changed. This span exhibited an apparent stiffening as the damage scenarios were progressively implemented. The changes in deflection profiles indicate a redistribution of stiffness and load path throughout the redundant structure. The details of the research conducted on HAM-561-0683 will be the subject of another paper. The verification of the baseline modal flexibility matrix is presented in Fig. 6 . The modal flexibility matrix was loaded with the axle weights of the trucks, which were used for static truck load test. During the static truck load test, deflections were also measured using slide wire potentiometers. Fig. 6 correlates the two independent experimental applications and confirms the validity of the modal flexibility matrix results. One advantage of the modal test in obtaining deflection characteristics is that the sensors can temporarily be mounted in much less time than mounting the displacement sensors under the bridge. We note that noncontact measurement technologies such as by laser scanning instruments are being explored ͑Stanbridge and Ewins 1999; Fuchs et al. 2000͒ , offering promise for measuring bridge girder deflections accurately, feasibly, and remotely.
Strain and Displacement Responses under Static and Moving Truck Load Tests
Positioning preweighed trucks or other vehicles on a bridge in a stationary pattern is a simple and practical method for controlled loading. Using several trucks in various configurations may activate different force transfer mechanisms and offer redundancy of experimental measurements. It is important to design and execute a truck-load test in conjunction with an adequate number of strain, distortion, tilt and displacement measurements so that the parameters of a three-dimensional finite element model of the structure-foundation system may be reliably identified. The real challenge in a controlled load test is the design, application, and interpretation of measurements.
An example static truck loading configuration and measured responses are shown in Fig. 7 for baseline and flange cut damage scenarios of HAM-561-0683. The same loading configuration was repeated two weeks apart before and after damage. The strain gages whose responses were shown in Fig. 7 were mounted at bottom flange. The gauge near the induced damage location is around six inches away from the flange cut location shown on Fig. 1͑b͒ . Fig. 7 shows a redistribution of strain along the girder line at the first two spans. It should be noted that at each test truck, weights were slightly different. In order to determine the level of strain if the baseline test were run using a 29.5 kip ͑131 kN͒ truck in stead of a 36.2 kip ͑161 kN͒ truck, the measured 68 microstrain is modified by a factor of 0.815 ͑29.5/36.2͒. The modified strain measurement, which is computed as 55 microstrain, gives a 35% difference between the baseline and the damaged case. The measured strains are less for the test after flange was cut than the baseline case at the damage location as a result of the released strain around the cut location. It should be noted that due to redistribution of the stiffness and the load paths, higher strain measurements are observed at other locations in the first and second span.
A practical test would be done by monitoring the truck traffic while a bridge is in routine operation. Fig. 8 shows measurements from the first and second span of HAM-42-0992 under a truck traveling at 50 mph with axle weights and spacing as measured by a weigh-in-motion ͑WIM͒ device. The readings from the bottom flange are around 60 microstrain for a particular truck. Such an ensemble, if they are normalized as unit influence lines ͑UIL͒ would serve as a very powerful index discussed in the following.
Goble et al. ͑1991͒ demonstrated the possibility of conducting a crawl-speed loading test and used the results for load rating the bridge by analytically projecting possible changes in stresses due to different or heavier trucks. The writers investigated the possibility of extracting the UIL of a critical strain, tilt, or displacement response from a crawl test as a condition index. To decompose a measurement under a moving truck, a synchronized recording of the truck position and the response are needed. If the weight of each truck axle and the distance between the axles are known, the measured response can then be decomposed into a normalized influence line for the measured response as if a unit concentrated load travels over the bridge. The advantage of using influence line as a condition index becomes clear when we recognize that UILs for measured responses may be retrieved from most trucks if a pavement WIM device is available and dynamic amplification is negligible. By tracking several influence lines corresponding to an ''ensemble'' of critical bridge responses, one may generate a reliable, damage-sensitive deterioration index that may be intermittently validated by crawl tests.
A static response of a bridge to a known set of moving loads, such as in the case of the axle of a truck, is in fact the summation of the UILs, scaled by the axle weights and shifted spatially by the distance between axles. In reverse logic, the recorded response to crawl-speed truck loading is a superposition of an appropriate number of responses that may be obtained from bridge UILs, after accounting for the locations of axles and scaling for the different axle weights. Therefore, using numerical decomposition, it is possible to extract the actual UIL of a bridge response from the response measured during a crawl-speed test by a welldefined truck ͑Turer et al. 1998͒. Then using this decomposed UIL, it is possible to predict the magnitude of that response under any type of moving load case as long as the moving load does not cause dynamic amplification and linearity is satisfied. In certain bridges with natural frequencies that are well-separated from truck input frequencies, online evaluation of influence lines measured under normal-speed truck traffic may be envisioned as long as the limitations of numerical decomposition and of using influence lines as condition indices are clearly understood and mitigated. For example, the test truck should follow the same path along the bridge every time, the effective axle weights should not change due to truck dynamics and truck-bridge interactions, and the dynamic components of response should be discernable from the static component. Any changes in boundary and continuity conditions of the bridge due to climate, or environmental and ambient inputs should be well understood and incorporated in evaluating any changes in influence lines. We note that strains Crawl-speed load test ͑HAM-42-0992͒: ͑a͒ measured strains for two different trucks and ͑b͒ unit influence lines derived from the two tests should be measured along a sufficiently large gauge length and should be well above the sensor resolution for confidence.
Writers implemented UILs to a number of bridges. For example, Fig. 9͑a͒ illustrates the same midspan girder strain response for HAM-42-0992 recorded during crawl tests under two different trucks. Fig. 9͑b͒ illustrates the UILs extracted from the two responses in Fig. 9͑a͒ . UILs are practically identical. We note that the actual strain readings are well above the measurement resolution as shown in Fig. 9͑a͒ , and the strain values in UIL graphs correspond to 1 kip load after numerical processing.
The writers also used UIL as an index to compare the condition of HAM-561-0683 in relation to Fig. 7 , which compared the condition of the bridge before and after the flange-cut damage scenario under static truck-load testing. The UILs for before and after damage are shown in Fig. 10 . The difference in the UIL strains is 33.8% between before and after damage conditions. This is very similar to the 35% difference that was obtained for static load truck test. The static and crawl-speed load test results give a high correlation and verify the use of UIL as a damage index.
The UIL implemented on the Commodore Barry Bridge. Fig.  11 illustrates a sample UIL for a hanger member and the inset shows the crane that was used during the crawl-speed load test. The writers have extracted five UILs for the hanger member ͑at Panel Point 27 in Fig. 11͒ corresponding to five different crawlspeed load tests on each lane for each of the five traffic lanes. For example, by using the influence coefficients shown in Fig. 11 , live load stresses ͑strains͒ of hanger member at Panel Point 27 can be determined for any actual loading or traffic simulation. If hanger axial strain influence lines are obtained and intermittently checked by controlled load tests, this may serve as a condition index revealing if the hanger stiffness is changing. Moreover, UILs can be used for directly and reliably simulating the strains that may be caused by any ''permit'' vehicle on this critical structural element.
Redistribution of Intrinsic Strains
In addition to the indices, which can be measured by controlled tests as discussed earlier, it is possible to envision condition and damage assessment by simply tracking the temporal and/or spatial variation of a number of critical responses due to environmental effects such as temperature and wind over the long term. Writers explored this by developing a bridge monitor capable of measuring an ensemble of bridge responses over the lifecycle in an ''absolute'' sense with respect to the beginning of measurements ͑Aktan et al. 1998b͒. In addition, writers have been monitoring the Commodore Barry Bridge for almost 3 years. Long-term monitoring of the Commodore Barry Bridge indicated that it is important to monitor the behavior of the critical movement mechanisms together with intrinsic strains and temperatures incorporating a sufficiently large number of elements and for a sufficiently long duration before any behavior anomalies, which may signal deterioration and damage, may be definitely identified. Three distinct temperature-induced responses are identified from Figs. 12, 13, and 14: 1. Intrinsic strains due to seasonal temperature changes: This is a low frequency effect with a period of 1 year. The intrinsic strains follow the pattern of average temperature change with a phase. The splines in Fig. 12 illustrate the long-term trends of the temperature and strain at the hanger member for more than a year's duration. Fig. 12 indicates that the temperature and its effects on the hanger element are composed of a seasonal cycle, daily cycles, as well as temperature shocks that occur over a very short duration. The intrinsic strains that are measured at different times of the year or day will fluctuate, it is not possible to link the strains to damage or deterioration unless long-term measurements at a sufficiently large number of members are carried out and, trends and patterns that indicate changes in relative stiffness, boundary, and continuity conditions may be identified; 2. Daily changes in the temperature, including radiation effects: The period of this effect is 1 day as shown in Fig. 13 .
The effect of radiation would be observed between sunrise and the sunset, based on the movement of the sun and an exposure of the instrumented location to the sun, especially, the effects of radiation are observed at different sides of the upper chord members. A 10-day snapshot from the hanger member is shown in Fig. 14 where the daily cycles are observed during a record high temperature of over 60°F in December in Philadelphia. A sudden 45°F drop follows the record high temperature in just one day as shown in Fig. 14 . We note the magnitude of the strains due to daily temperature fluctuations and due to radiation effects far exceed those due to traffic; and 3. High temperature changes or shocks that occur within a very short period of time: Sudden temperature drops and increases of 30°F or more within several hours affect the structure just like a thermal pulse. The sudden drop of 45°F degrees in a day is a good example for temperature shock ͑Fig. 14͒. This shock was identified to have led to a change in the movement and future intrinsic strain patterns of the hangers, causing one hanger to accumulate a higher strain in the course of the following year. Figs. 12, 13, and 14 illustrate how the responses of a bridge vary over the long term and the magnitude of the intrinsic strains that accumulate. The temperature effects have significant impact on the boundary and continuity conditions of the structure. As a result, a structural member or an assembly or the structure itself may experience changes in boundary or continuity conditions. In addition, the effects of temperature on members, boundaries, or continuity conditions may not be symmetric. For example, two symmetric and identical members may experience significantly different stresses due to radiation. Although a structure may not experience damage or deterioration due to temperature, measured responses at different times will be quite different, complicating the interpretation of other measurements for damage indices. For example, modal frequency changes due to temperature effects are often more significant than the effects of induced damage in the case of redundant bridges ͑Catbas et al. 1998, unpublished 2002͒.
Conclusions and Recommendations
In this paper, using highway bridges as an example, promising condition and damage indices for global condition assessment of structures are discussed: The basic considerations and issues in damage and condition evaluation, and a list of desirable qualities for condition indices are summarized. Based on this discussion, influence coefficients for displacement and strain were presented as conceptual indices. The promise of these indices were exemplified by taking advantage of data for condition and health monitoring measured in the course of testing and monitoring two steelstringer bridge test beds in Cincinnati and one long span bridge over the Delaware River between New Jersey and Pennsylvania.
There are many difficulties in structural identification and evaluation of the global condition of a constructed facility, such as limitations in experimental, analytical, and information technologies coupled with the nonstationary and nonlinear nature of a structure-foundation-soil system operating in real life affected by the environment. However, if physics-based, conceptual indices are used, if global and local structural identification based on a spectrum of appropriate integrated experiments is conducted, and if the structure is monitored continuously for a sufficiently long time, it would be possible to identify damage. The most desirable approach would be to monitor a constructed facility Daily temperature cycle coupled with temperature shock from a 10-day snapshot from December 1998 ͑Commodore Barry Bridge͒ starting from its fabrication and construction throughout its lifecycle. Inversely, visiting a constructed facility at any stage of its lifecycle, and evaluating its condition is very unrealistic if a single experiment is conducted leading to a single index for defining the structural condition without a complete understanding of the load paths, load-carrying capacity along the load paths, and the probable failure mechanisms. This is especially the case if an abstract index based on analytical idealizations or a numerical model is used and especially if this index yields one number for damage or condition without a clear physical correspondence.
In this paper, examples of displacement and strain influence coefficients and long-term slow-speed monitoring of intrinsic strains are presented as promising kernel condition and damage indices. It is noted, however, that each individual constructed facility needs to be evaluated in a type-and facility-specific manner to determine the most useful set of condition and damage indices. In this regard, damage detection of constructed facilities is uniquely distinguished from manufactured mechanical and aerospace systems and will continue to require ''heuristics'' in addition to objective indices for their condition assessment. The unique type-and facility-specific attributes of constructed facilities should be well understood, and strategies for effective condition assessment and damage detection should be developed accordingly since these attributes often govern the decisions based on condition assessment at subsequent management levels.
